The extent to which gas-surface chemical reactions can be enhanced by energetic radiation (primarily ions and electrons) incident on the surface is described. Emphasis is placed on chemical systems which lead to volatile reaction products. In particular, the reactions of Si, Si0 2 , and Si3N4 with XeF 2 , F 2 , and Cl 2 are examined experimentally. Possible mechanisms for the radiation-induced enhancement are discussed and some technological implications of this process in plasma etching technology and lithography are considered.
I. INTRODUCTION
There are many instances where it has been observed that the rate at which a gaseous species reacts with a solid surface in a vacuum can be enhanced by simultaneous irradiation with energetic ions or electrons. The most common example of this effect is probably the carbon buildup observed on an electron-iradiated surface in a vacuum containing hydrocarbon vapors. I This effect has caused problems in electron microscopy I and spectroscopy2 and it is also known in these fields that these carbon layers can be removed by electron irradiation in the presence of oxygen. J Moreover, electron-stimulated oxidation has also been noted on various solid surfaces where the oxide is not volatile. '-Io Several new reactions involving radiation-enhanced processes are reported in this paper. It is shown that reactions between silicon and XeF 2 ,F 2 , and Cl 2 to form volatile products (e.g., SiF. and SiCl.) are greatly enhanced by argon ion bombardment. It is also shown that Si J N.,Si0 2 , and SiC react with XeF2 to form volatile products in the presence of either electron or ion bombardment, whereas no reaction is observed without radiation. Interpretation and results for ion-bombardment-enhanced chemistry are presented in Sec. III A, while similar information for electrons is presented in Sec. III B.
The reactions mentioned above and the conditions under which they occur explain many experimental observations made by investigators studying etching phenomena in a glow discharge environment. For example, the etching rate of a surface subjected to energetic ion bombardment in a plasma etching system (i.e., the target or cathode surface) is usually substantially larger than the etching rate of a surface held at ground potential or at the floating potential. Examples of this type have been reported by Hosokawa et al. 11 for the halocarbon plasma etching of silicon and by for the oxygen plasma etching of carbon. The magnitude of the etch rates which are observed are such that the enhancement caused by ion bombardment cannot be easily explained by simply superimposing a physical sputtering process onto the chemical etching process.
As was suggested in a previous paper,15 the etching of solid material by exposure to gas-phase particles with or without a plasma is usually described by the following sequence of steps: (1) nondissociative adsorption of gas-phase species at the surface of the solid being etched; (2) dissociation of this absorbed gas (i.e., dissociative chemisorption); (3) reaction between adsorbed atoms and the solid surface to form an adsorbed product molecule, e.g., SiF. (ads); (4) desorption of the product molecule into the gas phase; and (5) the removal of nonreactive residue (e.g., carbon) from the surface. Illustrative examples of each of these five steps are now presented schematically for silicon interacting with CF J radials.
Step 1. Nondissociative adsorption CFJ(gas) + Si-CFJ(ads) + Si,
Step 2. Dissociative adsorption CF3(ads) + Si-C(ads) + 3F(ads) + Si,
Step 3. Formation of products molecule
Step 4. Desorption of product molecule SiF.(ads)-SiF.(gas),
Step 5. Residue removal C(ads) + 4F(ads)---+CF.(gas).
The first step almost always occurs since attractive forces between the undissociated molecule and the surface usually exist. This step may involve adsorption into a socalled "precursor state" where the molecule is mobile and diffuses across the surface until it dissociates; possibly at a step, kink, vacancy, or other defect. The resulting atoms may continue to diffuse or may become attached to a given surface site. On the other hand, it is possible that the first four steps occur almost simultaneously, i.e., there is very little surface diffusion. An example of a possible reaction of this type is CFlgas) + F(ads) + Si(solid)-SiF.(gas) + C(ads).
Nevertheless, analysis of the etching reaction in terms of these five steps is useful independent of the detailed mechanism which results in formation of the product molecule. Finally, the first two steps would be combined and labeled "adsorption" for atomic fluorine but the conceptual framework would be similar.
We now discuss mechanisms which could cause radiation-enhanced etching and relate them to steps 2-S. There are at least three processes which may increase the rate of dissociative chemisorption (step 2): (1) Dissociative chemisorption may occur exclusively or preferentially at defect sites produced by ion or electron bombardment. (2) Electron and/or ion bombardment may cause an adsorbed molecule to dissociate in situations where this would not normally happen. In this regard, it should be noted that many of the molecules used in plasma etching do not spontaneously dissociate on the surface of interest but do dissociate under ion or electron bombardment.
15 Electron-induced dissociative processes on the surface are likely to be similar to those which take place in the gas phase, i.e., the adsorbed molecule is excited to an electronic state which subsequently dissociates. Ion bombardment, on the other hand, probably causes fragmentation as a consequence of momentum transfer to the adsorbed molecule. (3) Dissociative chemisorption often occurs on an atomically clean surface but may not occur on the same surface with a monolayer of adsorbed gas. Removal of the adsorbed layer by electron bombardment (electronstimulated desorption) or ion bombardment (physical or chemical sputtering) may allow the dissociative chemisorption reaction to proceed, which in turn promotes etching. For example, it is expected that a monolayer of oxygen, carbon, or chlorine would slow the etching of silicon exposed to a flux of fluorine atoms. When the adsorbed layer is removed by radiation, the etch rate should be enhanced.
If a surface reaction is to involve more than monolayer chemisorption, then the species adsorbed on the surface must be able to migrate into the second and deeper layers, forming new chemical bonds and often new molecular species. This is step 3, product formation, and it often requires an activation mechanism to proceed, i.e., a monolayer is formed and the reaction stops unless the substrate is held at elevated temperature or there is ion or electron bombardment. Damage-enhanced diffusion, knock-on collisions, and bond breaking may promote the reaction in the presence of ion bombardment. Electron collisions may also break bonds which allow adsorbed atoms to penetrate and react with the substrate. Although the precise mechanisms are unclear, it is certain that electron and ion bombardment cause step 3 to occur in some instances where the chemical reaction does not proceed in the absence of radiation.
The consequences of the above processes are largely determined by the volatility of the species which are formed. If the species are volatile, they will desorb, causing etching of the surface (step 4). If the species are involatile, a layer of reaction product will form with its thickness being determined by the mobility of the chemically active species through the layer (e.g., the oxidation of aluminum).
There are several mechanisms which could cause radiation-enhanced etching by influencing step 4. For example, an involatile product molecule may be sensitive to electronstimulated desorption and therefore a reaction which would not occur without radiation may occur under the influence of electron bombardment. Moreover, an involatile product molecule may be weakly bound to the surface and as a consequence of this weak binding the sputtering yield of the product molecule could be substantially larger than the sputtering yield of the original substrate. Therefore, a combination of physical sputtering and chemical reaction would produce a radiation-enhanced etch rate which is substantially larger than would be expected from consideration of the separate individual etch rates. A model based on this mechanism has recently been proposed by Mauer et al. 16 to explain the enhanced etching of silicon caused by ion bombardment in a glow discharge. It should be noted, however, that evidence from the literature"·l8 and data presented in Sec. III indicate that adsorbed layers usually decrease the rate that the underlying material is sputtered. We believe that the etch rate enhancement caused by ion bombardment is, in most cases, due to ion-enhanced gas-surface chemistry and not to a chemical enhancement of momentum transfer sputtering. The discussion of the experimental results to be presented below is based on the assumption that the latter process is not important. We are not aware of any experimental evidence which demonstrates conclusively that this assumption is true, but some recent data relevant to the question is presented in the Appendix. Finally, one must consider the possibility of an involatile residue being formed by one or more of the atomic species present in the molecular gas, e.g., adsorbed carbon from CF 4 , Unless this residue is removed by some mechanism (step S), it will terminate the etching reaction. Electron and ion bombardment could enhance residue removal by many of the same mechanisms mentioned above in connection with step 2-4.
II. APPARATUS
Two vacuum systems invoking two somewhat different approaches have been used for this study. Most of the electron-beam-enhanced gas-surface chemistry has been carried out in a bakeable ultrahigh vacuum system which contains a CMA for Auger analysis, a quadrupole mass filter, and an ion gun. In this system, which has been described previously,19 an electron beam can be directed onto a clean surface in the presence of a background pressure (-10-1 Pa) of active gas. Most of the ion-enhanced gas-surface work has been carries out in a diffusion-pumped high-vacuum system where the active gas is directed onto the surface by means of a small tube (1.6 mm in diameter) maintained at room temperature and placed close to ( -3 mm) the sample surface. The effective pressure of the gas at the sample surface is in the range 10-3 _10-1 Pa. An ion beam can be directed onto the sample coincident with the flux of active gas. The ion beam, which is not mass analyzed, is obtained by electron impact ionization of a gas (usually argon) admitted to the system at a pressure of about 2 X 10-2 Pa. The experimental arrangement is shown schematically in Fig. 1 . In order to ensure that the active gas does not significantly affect the composition of Schematic diagram of the apparatus used to study ion-assisted gassurface chemistry. The gas injection tube is 1.6 mm inside diameter and is about 3 mm from the quartz crystal microbalance. The gas flow is determined from the rate of pressure increase in the reservoir when the shut-off valve is closed.
the ion beam, the flow rate of active gas injected through the small tube onto the surface was kept to less than 1 % of the argon gas flow injected through a conventional leak valve.
In both these experimental systems, the etch rates were measured using quartz crystal microbalances. Thin films ( -2 Jlm thick) were deposited by conventional vapor deposition methods onto the vender-supplied (Inficon No. 321-25) quartz crystals prior to their installation in the vacuum systems. All experiments were conducted at room temperature.
The experiments reported in this paper involve the use ofXeF 2 , F 2 , and C1 2 . These gases react slowly with reservoirs and vacuum system walls to produce involatile halides and gaseous impurities such as CO 2 , CO, and COF 2 • The reservoirs containing these gases were exposed for a significant period of time prior to experiments in order to minimize artifacts. Nevertheless, gaseous impurities were always present.
III. EXPERIMENTAL AND DISCUSSION
A. Ion-enhanced gas~surface chemistry
Experimental
Ar+ ions were used exclusively in this study for two reasons: (1) to eliminate any chemical contribution from the incident ions, and (2) the sputtering yield of Ar+ ions is sufficiently large that the slight contamination of the ion beam due to the reactive background gas will not appreciably influence the sputtering rate of the surface. This would not be true, for example, if He+ ions were used and a small fraction of CI+ ions was introduced into the He+ ion beam.
A chemical system which effectively demonstrates ionenhanced gas-surface chemistry is XeF 2 on Si where the reaction product (SiF 4 ) is volatile at room temperature and where the residue (Xe) is also volatile and does not impede the reaction by remaining on the surface. The etch rate ofSi as determined from the quartz crystal microbalance is plotted versus time in Fig. 2 . The Si surface is first exposed to the XeF 2 gas (t < 200 sec), then to an Ar+ beam and the XeF2 gas together (200 < t < 640 sec), and finally to the Ar+ beam only (t> 640 sec). The unique etching action of XeF2 on Si and other materials has been discussed previously.zo In Fig. 2 the cooperative interaction between the Ar+ beam and the XeF2 gas is shown clearly in that etching ofSi obtained with both the Ar+ ions and the neutral XeF 2 molecules simultaneously incident on the surface is about eight times the sum of the etching rates of each species measured separately. The transient response of the etch rate immediately following the initiation of Ar+ bombardment (200 < t < 300 sec) is believed to be partially due to a direct interaction between the ion beam and the quartz crystal microbalance caused by either slight heating or bombardment-induced strain in the crystal. This transient may also be due to a decrease in the steadystate surface coverage of fluorine caused by the Ar+ bombardment. The transient decrease in the etch rate following the shutoff of the XeF 2 gas (640 < t < 750 sec) is a result of the fact that it was not possible in our apparatus to instantaneously decrease the XeF 2 gas flow to zero and this transient behavior is believed to reflect the XeF 2 flux decay.
Similar ion-enhanced chemistry has been seen in our laboratory with F2 on Si, F2 on C, Cl 2 on Si, and O 2 on C. The behavior of all these systems is very similar and the results obtained for Cl z on Si are shown in Fig. 3 . In this figure the Si surface was subjected to Ar+ bombardment only for 0< t < 220 sec. The flux ofCl 2 gas was initiated at t = 220 sec and the large transient immediately following the initiation of the Cl 2 flow is due to adsorption of chlorine on Si. The rate of chlorine adsorption overwhelms the etching process for a short period of time causing the Si sample to gain mass (negative etch rate for 220 < t < 260 sec). Note that the steadystate etch rate has been increased by a factor of almost 4 by the introduction of C1 2 • When the ion beam is turned off, the etch rate drops quickly to zero since Cl 2 alone does not etch
Si at a detectable rate ( < 0.1 A/min) under the conditions of this experiment. The situation for F2 on Si, F2 on C, and O 2 on C is very similar in all respects to the Cl 2 on Si system.
It is well known that the sputtering rate of materials, which chemisorb an active gas to form an involatile compound, is decreased significantly when inert gas sputtering is carried out in the presence of the active gas. This effect has been demonstrated using oxygen gas on several occasions. n . 1s We have chosen the system fluorine gas on aluminum to illustrate the effect in our apparatus. The reaction product AIF3 is in volatile at room temperature. The results are shown in Fig. 4 where F2 is injected onto the Al surface during Ar+ bombardment and the sputter-etch rate decreases by a factor of 2. A similar result was obtained using O 2 on Si. It should be mentioned that in certain situations (low ion current density or poor vacuum conditions) an increase in the etch rate of Al was observed when F2 gas was injected during Ar+ sputtering. This observation is believed to be an artifact caused by background gases which impede the sputtering rate of Al in the absence ofF 2 . It is suggested that the F2 gas assists in the removal of the adsorbed contaminants resulting in an increase in the sputter-etch rate of the Al substrate.
Interpretation
As was mentioned earlier, there are several ways in which the incident radiation can enhance the gas-surface reaction rate: (1) by increasing the efficiency of the initial adsorption-dissociation step, (2) by expediting the formation of reaction products by supplying energy to the surface, 12. 14 or (3) by increasing the rate of desorption of the product molecule. 12 . 14 In the case of the fluorine-silicon system (i.e., both XeF 2 and F2 on Si), the fact that XeF 2 will etch Si at very large rates in the absence of radiation 20 and the fact that the Si etch rate is proportional to the flux of XeF 2 on the surface 20 provide good evidence that the adsorption-dissociation process is the rate-limiting step. That is to say, once F atoms are present on the Si surface, the formation and desorption of SiF 4 proceeds spontaneously at a rapid rate at room temperature. Therefore, one can conclude that the mechanism responsible for the Ar+ -enhanced XeF 2-Si reaction rate shown in Fig. 2 is an ion-bombardment-induced increase in the rate at which XeF 2 dissociatively chemisorbs on Si. There are three possible ways in which the Ar+ bombardment could accomplish this result: (1) creation of damage or defects on the Si surface which initiate the spontaneous dissociative chemisorption of XeF 2 , (2) dissociation of molecular XeF 2 which is weakly bonded to the Si surface by direct impact, or (3) removal of nonvolatile residue. Attempts have been made to detect Xe on a Si surface by Auger electron spectroscopy20 and no Xe has been seen even when the 2OOO-eV electron beam is translated rapidly over the surface so as to eliminate beam-induced artifacts. Moreover, only small amounts of in volatile residue are observed during XeF 2 etching of silicon in the absence of radiation. This strongly suggests that the process responsible for the effect shown in Fig. 2 is ion-bombardment-induced surface damage increasing the rate at which XeF 2 dissociatively chemisorbs on Si.
We cannot extend this latter conclusion to the F2 on Si system and in fact the very low reaction coefficient for F2 on Si at room temperature (_10-5 -10-6 )21 suggests the possibility of the presence of weakly bonded molecular fluorine which could be dissociated by direct impact.
Unlike the fluorine-silicon system, there is no evidence that CI atoms on Si spontaneously form the volatile SiCl4 molecule at room temperature. The fact that chlorine is observed to be chemisorbed on Si 22.23 suggests that SiCI. is not easily formed. Consequently, we do not have enough information to determine the role of the Ar+ ions in the enhanced etching shown in Fig. 3 for the Cl 2 -Si system. It is suspected, however, that the role of the ion bombardment is to assist in the formation of SiCl. by providing energy to the surface. 9000r----,----,----.-----,----,----,,-- FIG, 5, Electron-assisted gas-surface chemistry using 1500-eV electrons and XeF, on Si,N., P(total) = 6X 10-' Torr with most of the ambient gas being xenon, Neither exposure to XeF, nor an electron beam produces etching by itself. Simultaneous exposure produces an etch rate of -600 A/min, B. Electron-enhanced gas-surface chemistry
Experimental
As we mentioned earlier, the electron-enhanced studies were carried out in a UHV system which was backfilled with the active gas of interest. The gas-jet approach was not used in these investigations. The electron beam was provided by the coaxial gun ofa cylindrical mirror analyzer used for Auger spectroscopy. The electron current to the sample was typically 45 /-lA, and the current density was estimated to be 50 mA/cm 2 by using a Faraday cup with a 5 X 1O-4 _cm 2 aperture. The electron beam could be positioned precisely at the center of the sample by observing the beam-induced frequency shift of the quartz oscillator and adjusting the sample manipulator in an appropriate manner.
Etch rates for Si0 2 and Si3N4 were investigated using the quartz crystal microbalance and also by etching completely through a film of known thickness. Penetration through the film was assumed to have occurred when the underlying metal film was detected using Auger spectroscopy.
The most interesting system, both technologically and mechanistically, is the electron-stimulated etching ofSi0 2 , Si 3 N., and SiC in the presence ofXeF 2 gas. It has been shown previously20 that XeF 2 does not chemically attack Si0 2 , Si 3 N., or SiC in the absence of radiation nor does electron radiation by itself produce etching. However, with electron bombardment in the presence of XeF 2 , all these materials can be etched at appreciable rates and the etching occurs only on the region of the sample which is SUbjected to the electron bombardment. Although the behavior of all these materials is similar, for illustrative purposes two different experimental procedures are used in Figs. 5 and 6.
In Fig. 5 , initially only the electron beam is incident on the Si3N4 with the background presure being 5,3 X 10-4 Pa (4 X 10-6 Torr) and no etching is observable. After about 800 sec, XeF 2 is introduced into the system to about 8 X 10-2 Pa (6x 10-4 Torr) and significant etching is immediately produced. The opposite procedure is shown in Fig. 6 for Si02 where the pressure ofXeF 2 is 8 X 10-2 Pa (6 X 10-4 Torr) at the beginning of the run and no etching is observed. After approximately 800 sec, the electron beam is activated and etching immediately occurs.
Interpretation
Auger spectra of Si0 2 , Si 3 N 4 , and SiC surfaces taken during exposure to XeF 2 indicate that fluorine is present on the surface 20 but no xenon can be seen. Therefore, the ratelimiting step in these systems must be the formation of the SiF 4 molecule and one would expect that the electron-stimul~ted etching shown in Figs. 5 and 6 is a result of the electron beam enabling the F atoms to react with these materials to form SiF 4 , It is known that electron bombardment ofSi02 . Electron-assisted gas-surface chemistry using 1500-eV electrons and XeF, on SiO" P(total) = 6X 10-' Torr with most of the ambient gas being xenon. Neither exposure to XeF, nor an electron beam produces etching by itself. Simultaneous exposure produces an etch rate of -200 A/min_ will produce elemental Si on the surface 2 ',25 which can be readily removed by XeF2• The chemistry involved is likely to be more complex than this simple reduction and subsequent etching of the elemental Si, but this example illustrates a possible mechansim.
IV. TECHNOLOGICAL IMPLICATIONS
Although the role of the ions has not been fully recognized in plasma etching technology, it has been established that the anisotropic or directional nature of the etching process is associated with ion bombardment of the etched surface. 26 It is our opinion that most if not all of the directional etching observed in plasma etching systems is caused by radiation-enhanced gas-surface chemistry where the radiation is usually energetic positive ions. However, as shown in this paper, energetic electrons may also playa significant role in certain situations. It should be mentioned that a wafer held at ground potential in a glow discharge environment can still be subjected to energetic positive ion bombardment in that there are several conditions under which the plasma potential can be high enough to cause energetic ion bombardment of grounded surfaces. 27 ,28 Although it is difficult to eliminate the possibility of radiation-enhanced gas-surface chemistry in a glow discharge system, the "tunnel" configur~tion, '9 which comes close to achieving this situation, exhibits mostly isotropic etching behavior. The way in which directional etching is derived from radiation-enhanced gas-surface chemistry can be recognized directly when one realizes that the energetic ions are incident normally onto the etched surface having been accelerated from near thermal energies across the sheath between the plasma and the wafer. The ions strike only the bottom surface of an etched groove or hole, not the sidewalls. Therefore, whereas the etching of the bottom surface proceeds at the enhanced rate, the etching of the sidewalls proceeds at the slower unenhanced rate. That is, the anisotropy in the etching is determined by the ratio of the radiation-enhanced etch rate to the normal etch rate without radiation. This ratio can be very large for certain materials systems (e.g., fluorocarbon etching ofSiO,) or can be made large by intentionally suppressing the normal etch rate (e.g., addition ofH 2 to CF. while etching Si).30 In certain situations, essentially vertical sidewalls can be obtained under conditions of energetic ion bombardment. 31 ,3' Radiation-enhanced gas-surface chemistry has some implications in the area of fine line lithography. Broers et al. B have generated 8o-A-wide lines where the first step involves irradiating a surface (in this instance a self supported thin film to reduce electron backscattering) with a finely focused electron beam in the presence of hydrocarbon vapors to produce a thin narrow carbon line. The carbon line then serves as a mask for subsequent etching procedures. This electron-induced carbon deposition can be thought of as a type of radiation-enhanced gas-surface chemistry leading to an involatile product. The electron-enhanced oxidation of carbon could presumably be used to produce an image of the opposite polarity to that of Broers et al. J3 by writing on a thin carbon film with an electron beam in the presence of a pressure ( ~ 10-' Pa) of oxygen.
The electron-stimulated etching ofSiO" SiJN., and SiC in principle allows the resistless etching of Si to be accomplished, The pattern of interest could be written directly into a thin Si02 film on Si by electron beam writing in the presence ofXeF,. The patterned SiO, film could then serve as a mask for subsequent etching of the Si if it is required. However, problems of electron dosage would appear to preclude this approach as an on-line pattern generation procedure.
Finally, a role of oxygen in the SiF 4 -O, gas etching ofSi can be suggested. If pure SIFt etch gas is used, the Si liberated by the dissociation of SIFt and deposited on surfaces will compete effectively with the Si wafers for available fluorine, resulting in low etch rates. However, when oxygen is added, SiO, will be formed on the surfaces in the system and on those surfaces not SUbjected to energetic radiation the etch rate ofSiO, will be small. Consequently, more fluorine is available to etch the Si wafers which are SUbjected to radiation,
V. CONCLUSION
Conclusions based on the experiments and analysis reported in this paper can be summarized as follows:
(1) The etching reaction produced by fluorine atoms interacting with Si0 2 , Si)N., and SiC can be simulated using a flux ofXeF, as a source of fluorine.
(2) XeF2 does not etch SiO" Si)N., or SiC in the absence of radiation nor does electron radiation by itself produce etching, However, these materials are chemically etched when both XeF, and radiation (ions and electrons) are present.
(3) Both ions and electrons can be used to produce radiation-enhanced chemistry and, therefore, anisotropic etching (i.e., straight sidewalls).
(4) The rate-limiting step in the etching ofSi0 2 , Si)N., and SiC appears to be formation of the product molecule SiF 4 , (5) The etching of silicon by active gases (e.g., XeF 2 , F,) is enhanced by argon ion bombardment. The mechanism believed to be operative in producing this phenomena is that ion bombardment enhances the rate that the active gas is dissociatively chemisorbed at the silicon surface.
(6) Many of the differences observed between the plasma etching of silicon and its compounds can be attributed to the fact that fluorine atoms spontaneously attack silicon, while both fluorine atoms and radiation (or elevated temperature) are required to achieve sustained etching ofSiO" Si)N., and SiC.
(7) The fact that fluorine etches SiOh Si)N., and SiC only where electrons hit the surface creates the possibility for maskless lithography. This process would, however, require large electron dosages.
(8) It has been suggested that CF 3 -type radicals would preferentially attack SiO" whereas F atoms would preferentially attack silicon. The present work shows that this is not completely true since fluorine rapidly attacks SiO, in the presence of radiation. Mauer et al. 16 have suggested that the increase in the etch rate of silicon caused by ion bombardment in a fluorocarbon glow discharge could be due to a chemical enhancement of the physical sputtering process. The implication is that partially fluorinated silicon (i.e., SiF, SiF 2 , SiF 3 ) may have a much higher sputtering yield than elemental silicon. The large difference in the sputtering yield of fluorinated carbon (Teflon) relative to carbon is an example of such a situation. The fact that the etch product observed in plasma etching systems during the etching of silicon is almost exclusively SiF 4 cannot be used to eliminate this process for the following reason. If the primary etch product were SiF, SiF 2 , or SiF 3 , as would be predicted from this chemically enhanced sputtering model, these species would probably react with fluorine atoms in the gas phase or on nearby surfaces to form SiF 4 which then appears in the effluent gas as the etch product.
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APPENDIX
Recently an experiment has been performed in which the density of active fluorine is so low that the evolution of SiF4 cannot be accounted for by such a two-step process. The data is shown in Fig. 7 in which the SiF 3 + peak is monitored as a Si sample is rotated into ajet ofXeF 2 gas with and without argon ion bombardment. It should be mentioned that the parent SiF / peak exhibits a similar behavior to that shown in Fig. 7 for SiF 3+ and therefore the SiF / peak represents the SiF4 partial pressure. The ion-enhanced etching of silicon is indicated by the much larger evolution of SiF 4 when the sample is exposed to XeF 2 with Ar+ bombardment as compared to XeF 2 exposure alone. .
In this experiment, the background pressure ofXeF 2 is about 3 X 10-5 Pa (2 X 10-7 Torr) correpsonding to a flux of XeF2 of about 3 X 1013 molecule/cm 2 sec. This partial pressure was measured mass spectrometrically using published fragmentation patterns for XeF 2 .34 At these pressures it is clear that gas-phase processes can be neglected and therefore, ifan SiFx radical (x = 1,2,3) reacts with XeF 2 to form SiF4, the reaction must occur after the SiFx radical has adsorbed on a wall of the vacuum system. However, if we assume the SiF x species have a cross section of about 10-15 cm The experiments were performed in a standard UHV system of the type often used for surface experiments. The experimental arrangement was similar to that described in Fig. I. quent fluorination. Furthermore, the relative magnitudes of the SiF 4 increases depicted in Fig. 7 corresponds very roughly to the relative etch rates measured on the quartz crystal microbalances, suggesting that SiF 4 is the major etch product formed when a silicon surface is subjected to ion bombardment in the presence of active fluorine.
This argument has implicitly assumed that the two-step process involves adsorption of the SiFx radical on a wall and subsequent fluorination by XeF 2 • It is possible that the SiFx radical could combine with fluorine which is already present on the wall presumably in the form of a fluoride of the wall material. If this process were to occur, the SiF 4 evolution would be essentially instantaneous as shown in Fig. 7 and although we consider this process to be unlikely, we have no data which can be used to eliminate this possibility.
